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Prokaryotic pathogens have developed specialized mechanisms for efﬁcient uptake of ferrous iron
(Fe2+) from the host. In Legionella pneumophila, the causative agent of Legionnaires’ disease, the
transmembrane GTPase FeoB plays a key role in Fe2+ acquisition and virulence. FeoB consists of a
membrane-embedded core and an N-terminal, cytosolic region (NFeoB). Here, we report the crystal
structure of NFeoB from L. pneumophila, revealing a monomeric protein comprising two separate
domains with GTPase and guanine-nucleotide dissociation inhibitor (GDI) functions. The GDI
domain displays a novel fold, whereas the overall structure of the GTPase domain resembles that
of known G domains but is in the rarely observed nucleotide-free state.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Legionella pneumophila is a Gram-negative c-proteobacterium
that can cause Legionnaires’ disease, a severe pneumonia with a
high fatality rate. In its natural habitat, fresh-water, the facultative
intracellular bacterium parasitizes protozoan hosts such as Acan-
thamoeba, Hartmannella, and Tetrahymena. Infection of humans re-
quires inhalation of contaminated aerosols generated from cooling
towers, air-conditioners and other man-made devices. In the lung,
Legionella primarily infects and multiplies in resident alveolar mac-
rophages [1]. Although a limited number of virulence proteins of L.
pneumophila have been identiﬁed, structural information on these
proteins is still scarce. From a total of 18 Legionella proteins with
known three-dimensional structures, only three represent con-
ﬁrmed virulence factors [2–4].
Iron is essential for Legionella growth [5] and the pathogen has
developed strategies for the efﬁcient uptake of ferric (Fe3+) iron
using siderophores such as legiobactin [6]. Ferrous iron (Fe2+) ischemical Societies. Published by E
ion inhibitor; HEPES, 4-(2-
Tris, tris(hydroxymethyl)
emistry, Center for Structural
atzeburger Allee 160, 23538
e (R. Hilgenfeld).critical for L. pneumophila growth under low-oxygen conditions
in host cells, and in the mammalian lung [7]. FeoB is a membrane
protein responsible for ferrous iron uptake in many prokaryotes
and represents an important virulence factor in a number of intra-
cellular pathogens [7,8]. It comprises an intracellular N-terminal
region (NFeoB) of 270 amino-acid residues and a larger mem-
brane-embedded domain of 500 residues with 8–12 predicted
transmembrane helices, depending on species and algorithm used
for the prediction [9]. Biochemical studies revealed that NFeoB
comprises a GTP-binding/GTPase domain (G domain) and an addi-
tional domain with guanine-nucleotide dissociation inhibitor (GDI)
function [10].
In general, prokaryotic GTPases [11] resemble their eukaryotic
counterparts but the majority displays a measurably lower nucle-
otide-binding afﬁnity. The G domain of NFeoB includes four of
the ﬁve canonical GTPase signature motifs (G1–G4) and the regu-
latory switch I and switch II regions [12]. Unusual for GTPases,
NFeoB fromEscherichia coli (NFeoBEc) has been reported to combine
a slow GTP hydrolysis activity with fast GDP release. It has been
proposed that the GDI domain together with the transmembrane
domain modulates the nucleotide-binding afﬁnity of the G domain
[9,10]. In the absence of structural information on FeoB, the inte-
gration of the existing functional data on nucleotide binding and
regulation of iron transport activity into a detailed mechanistic
model was not possible thus far.
Here we report the X-ray structure of NFeoB from L. pneumo-
phila at a resolution of 2.6 Å. Our results provide a structural basislsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics.
Data collection
734 N. Petermann et al. / FEBS Letters 584 (2010) 733–738for the discussion of functional data on prokaryotic ferrous iron
uptake and shed light on an important virulence mechanism of
Legionella pneumophila.Space group P212121
Unit cell parameters
a, b, c (Å) 53.06, 130.70, 157.62
Resolution (Å) 78.81–2.50 (2.64–2.50)
Reﬂections 133 426 (10 842)
Independent reﬂections 36 133 (3743)
Rmerge
a 0.081 (0.481)
I/rI 11.5 (2.2)
Completeness (%) 93.2 (68.1)
Redundancy 3.7 (2.9)
Reﬁnement
Rcryst/Rfreeb 0.212/0.287
Number of atoms
Protein 7490
Water 117
B-Factors before TLS reﬁnement (Å2)
Protein 32.2
Water 26.4
B-Factors after TLS reﬁnement (Å2)
Protein 12.5
Water 10.4
r.m.s. deviations
Bond length (Å) 0.017
Bond angle () 1.655
Values in parentheses are for the highest-resolution shell.
a Rmerge = RhklRi|I(hkl)i  hI(hkl)i|/RhklRiI(hkl)i, where I(hkl) is the intensity of
reﬂection hkl and hI(hkl)i is the average intensity over all equivalent reﬂections.
b Rcryst = Rhkl|Fo(hkl)  Fc(hkl)|/RhklFo(hkl). Rfree was calculated for a test set of
reﬂections (5%) omitted from the reﬁnement.2. Materials and methods
2.1. Recombinant production, puriﬁcation, and crystallization of NFeoB
The soluble cytosolic domain from L. pneumophila NFeoB (NFe-
oBLp; residues 1–256) was cloned blunt-end into the expression
vector pETBlue-1 (Novagen) using the following primers: 50-AT-
GACTCATGCCCTATTAATAGGAAATCCC-30 and 50-TTACTTTTTTTGA-
ACCAACGTAACAATTTC-30. The resulting plasmid was transformed
into E. coli Tuner cells (Novagen) carrying the plasmid placI (Nova-
gen). Expression was observed after induction with 0.5 mM isopro-
pyl-b-thiogalactoside (IPTG) at 30 C for 3 h in YT medium. To
obtain protein suitable for crystallization, cells were lysed in
50 mM tris(hydroxymethyl) aminomethane (Tris), 1 mM EDTA,
5 mM MgCl2, 150 mM NaCl, pH 8.0 including 50 lg/ml DNase
(Merck) and 0.1 mg/ml lysozyme (Sigma) using a French Press.
After centrifugation at 50,000g for 90 min at 4 C, the supernatant
was loaded onto a Sephacryl 100-HR column (GE Healthcare) and
eluted with 10 mM Tris, 150 mM NaCl, pH 8.0. For further puriﬁca-
tion, fractions containing NFeoBLP were dialyzed against 10 mM
Tris (pH 8.0) overnight and loaded onto a MonoQ column (GE
Healthcare). Protein was eluted using a linear gradient of 10 mM
Tris, 0–500 mM NaCl, pH 8.0. Fractions containing NFeoBLp, as con-
ﬁrmed by SDS–PAGE, were pooled, dialyzed against 10 mM Tris,
150 mM NaCl, pH 7.5, concentrated to 5 mg/ml and stored at
4 C. Monodispersity of the samples was assessed by dynamic
light-scattering. Crystallization experiments were performed at
12 C using the sitting-drop vapour diffusion method with tacsi-
mate [13] as precipitant. Droplets were made by mixing 1 ll pro-
tein solution and 1 ll reservoir solution. The best crystals were
obtained using 25% tacsimate and 10% poly-L-lysine in 50 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH
7.5) as reservoir solution.2.2. X-ray data collection, structure elucidation, and reﬁnement
Before data collection, crystals were transferred into cryo-pro-
tectant solution containing 100 mM HEPES (pH 7.5), 10% poly-L-ly-
sine, and 50% tacsimate, and ﬂash-cooled in liquid nitrogen. X-ray
diffraction data were collected using synchrotron radiation (wave-
length = 0.75 Å) at beamline I911-3 at MAX-lab (Lund, Sweden),
equipped with a Mar165 CCD detector (MarResearch). Data were
processed with XDS [14] and scaled using SCALA [15] from the
CCP4 suite [16]. Data statistics are summarized in Table 1. The
asymmetric unit contained four NFeoBLp monomers, giving a Mat-
thews coefﬁcient [17] of 2.5 Å3 Da1 and a solvent content of 51%.
The structure was determined by molecular replacement with
PHASER [18] using the structure of NFeoB from E. coli (NFeoBEc,
PDB code 3I8S, NP et al., to be published elsewhere) as a search
model. A correct solution for all four monomers in the asymmetric
unit was obtained when using a truncated search model compris-
ing only the G domain and lacking all ﬂexible loop elements. The
missing C-terminal GDI domain was manually built after density
modiﬁcation with DM [19], employing a solvent mask based on
the complete NFeoBEc structure. The structure was completed by
iterative cycles of reﬁnement with REFMAC [20] and manual
rebuilding with COOT [21]. During ﬁnal rounds of reﬁnement,
TLS (translation/libration/screw) groups assigned by TLSMD [22]
were included. Reﬁnement statistics of the ﬁnal model are summa-
rized in Table 1. The geometry of the structural model was ana-
lyzed with PROCHECK [23] and atomic coordinates deposited inthe Protein Data Bank under accession code 3IBY. Figures were
made with Pymol [24].
3. Results and discussion
3.1. Overall structure
The crystal structure of NFeoB from L. pneumophila (NFeoBLp) in
the nucleotide-free state has been determined to a resolution of
2.6 Å. It reveals a monomeric protein of approximately
25 Å  30 Å  50 Å comprising two domains. The N-terminal do-
main (residues 1–162) includes four canonical GTPase motifs
(G1–G4) and shows the typical a/b architecture of G domains
[25] with six a-helices (a1-a3, a30, a4, a5) arranged around a se-
ven-stranded, mainly parallel b-sheet (b1, b2E, b2, b3–b6; Fig. 1).
The GDI domain (residues 177–256), which connects the G domain
and the transmembrane domain in the full-length protein, is at-
tached to the G domain by a ﬂexible linker of 14 residues in length
(residues 163–176). The GDI domain comprises ﬁve helices (a6–
a10) arranged in a mainly antiparallel fashion and lacks any simi-
larity to folds known from other proteins. Regions not well deﬁned
by electron density in at least one of the four molecules of the
asymmetric unit indicate ﬂexible parts of NFeoBLp. This includes
a loop within switch II (residues 63–68) and helices a8 and a9 in
the GDI domain (residues 214–235).
The two domains of NFeoBLp share a large interface of 1100 Å2
including 15 polar interactions and many hydrophobic contacts,
indicating a stable association of the G and GDI domains. This
interface includes residues of a2, a3 and a4 of the G domain and
a7, a8 und a10 of the GDI domain (Fig. 1). The most important
interactions are hydrophobic contacts of Tyr202 of the GDI domain
with Leu61, Val79 und Leu109 of the G domain (Fig. 2A and B), and
ionic as well as hydrogen bonding interactions of Arg206 and
Arg242 with Glu108. Hydrogen bonds to Glu209 secure the orien-
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Fig. 1. Overall topology and structure of NFeoB from L. pneumophila including G domain (blue) with switches I (yellow) and II (green), inter domain linker (gray) and GDI
domain (red). (A) Topology diagram. (B) Overall structure as cartoon representation. The ﬂexible loop region in switch II is indicated by a dashed line.
N. Petermann et al. / FEBS Letters 584 (2010) 733–738 735tation of the two arginines, thereby supporting optimum hydrogen
bonding to Glu108 (Fig. 2B). Most of the residues involved in these
interactions are well conserved (Supplementary Fig. S1), suggest-
ing that the assembly of the G and GDI domains is the same in most
if not all FeoB proteins.
3.2. Active site
NFeoBLp harbours four conserved sequence elements (G1–G4,
Fig. 2A) involved in binding guanine-nucleotides in the GTPase ac-
tive site of small GTPases [12]. Amino-acid residues of these ele-
ments are well deﬁned by electron density in the structure. G1
(GXXXXGKS/T) and G3 (DXXG) motifs are strictly conserved in
FeoB from different species (Supplementary Fig. S1). A superposi-
tion with the GTP form of the NFeoBEc structure (complex with
the non-hydrolyzable GTP analogue, GppCH2p, PDB code 3I92;
NP et al., to be published elsewhere) conﬁrms that G1 is in position
to stabilize the b- and c-phosphates of GTP by hydrogen bonds do-
nated by main-chain amides (Fig. 2C). The disruption of the main-
chain conformation of G1 by replacement of Pro10 by Ala in NFe-
oBEc results in a two- and ten-fold decrease in afﬁnity for GTP
and GDP, respectively [10]. The loop including the G3 motif (DLPG
in all FeoBs) is in the correct orientation to interact with a Mg2+ and
an oxygen of the c-phosphate (Asp54 and Gly57 in Fig. 2C).
Replacement of the conserved Pro of the G3 motif in NFeoBEc mea-
surably reduces nucleotide afﬁnity [10]. Asp121 of the G4 motif
(NMMD in FeoBLp) provides speciﬁcity for the guanine base by
accepting hydrogen bonds from N1 and N2 of the nucleotide, sim-
ilarly to Asp119 in Ras or Asp139 in Thermus thermophilus EF-Tu
[26,27] (Fig. 2C). Substitution of the Asp by Asn in NFeoBEc abol-
ishes guanine-nucleotide binding [10]. FeoB lacks the typical G5
sequence motif, which usually participates in recognition of the
guanine base and represents the least conserved signature motif
of G domains. It has been proposed that the sequence 143CPV145
in FeoBEc (141CSV143 in FeoBLp) represents a G5-like motif in FeoB
proteins [10]. Based on the structure of NFeoBLp, it is now possible
to unambiguously identify G5 as 147QAH149 in the loop connecting
b6 and a5 (Fig. 2A, C and D). Interestingly, the position of this loop
indicates a ‘‘closed conformation’’ of the GTPase site, which is usu-
ally only observed for the nucleotide-bound state of GTPases and
also for NFeoBEc in its GDP and GTP states (PDB codes 3I8X and
3I92; NP et al., to be published elsewhere). However, a closed con-formation of the G5 loop in nucleotide-free GTPase structures is
not unprecedented and has been observed in Rac1 [28] and SRb
[29] (Fig. 2D). In NFeoBLp, the orientation of this loop is stabilized
by a hydrogen bond between His149 and Asp121 of the G4 loop.
To our knowledge, a His in the G5 motif is unique for FeoB from
L. pneumophila.
3.3. Switch regions
In GTPases, the binding of GTP induces conformational changes
mediated by the ﬂexible switch I and switch II regions that lead to
an activation of the protein [25]. In contrast to structures of several
other GTPases, the switch I region is well deﬁned in NFeoBLp (res-
idues 24–38). It includes the b2E-strand, which is hydrogen-
bonded to b2 of the central b-sheet in an antiparallel fashion. In
other G domains, a strictly conserved Thr (which constitutes the
G2 motif) residing in switch I was found to interact with the bound
Mg2+ ion and the c-phosphate of GTP. In line with this function, a
substitution of the corresponding Thr37 by Ala in NFeoBEc results
in a 5-fold decrease of nucleotide afﬁnity [10]. The structure of
NFeoBLp shows the equivalent G2 Thr35 at the tip of switch I lo-
cated 16 Å away from the binding site of the c-phosphate of
GTP (Fig. 2C). Signiﬁcant conformational rearrangements of switch
I would be needed to bring this element in proximity to the GTPase
active site.
The switch II region is relatively heterogeneous in the GTPases.
Comprising residues 54–80 in NFeoBLp, it includes the G3 motif, an
exceptionally long loop region (10–14 residues in FeoB in contrast
to 3–5 residues in most other GTPases), and helix a2. The loop is
very ﬂexible and makes few direct interactions with other parts
of the molecule. In only one of the four molecules in the asymmet-
ric unit, all loop residues were deﬁned by electron density. The
conformational change in switch II upon nucleotide binding differs
from one GTPase to the other, ranging from small rearrangements
such as in Ras [26] to a major reorientation of helix a2 as in EF-Tu
[27]. In contrast to the ﬂexible loop within switch II, helix a2 is
ﬁrmly secured between the G3 segment, switch I and helix a8 of
the GDI domain (Fig. 3) and well deﬁned in all molecules of the
asymmetric unit. Its unique location between the nucleotide-bind-
ing site and the GDI domain suggests a function as a relay element.
FeoB proteins with engineered amino-acid substitutions in the
switch II region (Pro58Ala, Thr60Gln, Tyr61Ala, Tyr61Glu, Asp63A-
Fig. 2. Conserved G protein motifs in NFeoBLp. (A) Amino-acid sequence of G domain (framed in blue) and GDI domain (framed in red) with positions of G1–G5 (orange) and
switch I (yellow) and II (green) indicated. (B) Important interactions stabilizing the interface of G and GDI domain with interacting residues indicated. Coloring as in (A).
Hydrogen bonds depicted as dashed lines. (C) Close-up of the nucleotide-binding site with coloring as in (A). For orientation, the GTP analogue GppCH2p (green) and Mg2+
(magenta) from the structure of NFeoBEc in complex with the nucleotide (PDB code 3I92; NP et al., to be published elsewhere) are superimposed. Residues in G1–G5 (orange)
important for the binding of nucleotides in NFeoBEc are shown as sticks with possible interactions with GppCH2p and Mg2+ depicted as dashed lines. (D) Superposition of G
domains from NFeoBLp (color-coded as in (A)), Rac1 (light yellow), and SRb (gray) in cartoon representation. The closed conformation of the G5 motif in all three nucleotide-
free G domains is indicated by a dashed circle.
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loss of in vivo function [10], stressing the pivotal importance of this
region.
How can a signal induced by nucleotide binding to the G do-
main be transmitted to the GDI and transmembrane domains?
Both switch I and II most likely undergo signiﬁcant conformational
changes upon nucleotide binding and/or release of the c-phos-
phate after hydrolysis. From the nucleotide-free NFeoBLp structure,
it is easily conceivable that these conformational changes could betransmitted via helix a2 of switch II to the GDI domain (Fig. 3) and
subsequently to the transmembrane domain of FeoB. This way,
nucleotide binding to the G domain may regulate ferrous iron up-
take across the membrane.
3.4. Quarternary structure
The crystal structure of NFeoBLp presented here clearly reveals a
monomeric protein in agreement with gel ﬁltration results (not
Fig. 3. Position of switch II (green) sandwiched between G domain (blue) and GDI
domain (red). Amino-acid residues interacting with switch II are shown as sticks,
G1–G4 motifs (orange) are indicated.
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surface area around helix a1 and the sheet b2E/b2 that makes crys-
tal contacts with a1 and a30 of a neighboring molecule, with all
interactions duplicated due to non-crystallographic symmetry
(Supplementary Fig. S2). The surface area buried by this contact
is 700 Å2 per molecule, but we consider this too weak to conclude
that the protein forms a dimer. The PISA server [30] supports this
interpretation and unambiguously classiﬁes our structure as
monomeric.
In contrast to NFeoBLp the NFeoB protein from E. coli was found
to form a trimer in several crystal forms [31]. Mainly based on this
observation, Guifoyle et al. proposed that the NFeoB trimer em-
braces a channel that would allow the inﬂux of ferrous iron into
the bacterial cell [31]. A model has been put forward suggesting
that the opening and closing of this channel could be controlled
by nucleotide binding to the FeoB trimer. The absence of trimer
formation in solution and in the crystal of the homologous NFeoBLp
might cast some doubt on the functional relevance of the observed
NFeoBEc trimer. Moreover, a recent report on the crystal structure
of the isolated G domain of FeoB from Methanococcus jannaschii
proposed a homodimeric structure for this domain [32] whereas
NFeoB from Thermotoga maritima, like NFeoBLp, does not assemble
into oligomeric complexes [33]. Although the assembly of FeoB
into trimers represents an appealing model for ferrous iron trans-
port, our results on NFeoBLp and those on FeoB from M. jannashii
and T. maritima show that the functional interpretation of NFeoB
oligomers in the crystalline state should be handled with caution.
This is even more true as all FeoB structures determined lack the
transmembrane domain, which could heavily inﬂuence in vivo
assembly.4. Conclusions
The structure of NFeoBLp reveals a monomeric GTPase that
shares characteristic features with many members of this protein
family. The N-terminal domain shows a typical G domain fold with
all ﬁve GTPase signature motifs being conserved at the structural
level. Remarkably, the G4 and G5 elements are tightly coupled
through an unusual AspHis ion pair, which locks G5 in a closed
conformation even in the nucleotide-free state of the protein. An-
other unique feature distinguishing FeoB from typical small GTPas-
es is the presence of the intramolecular GDI domain and the
transmembrane domain. The structure of NFeoBLp suggests how
conformational changes in the switch regions upon nucleotidebinding and/or hydrolysis could be relayed to the GDI and trans-
membrane domains, facilitating the coordinated uptake of iron. L.
pneumophila FeoB is an important virulence factor, critical for sur-
vival of the pathogen in host cells [5]. Our structure might provide
a starting point for the development of antibiotics targeting the
regulatory cytosolic G domain, thereby efﬁciently shutting down
a vital iron transport pathway in pathogenic bacteria.
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